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Abstract
Observations of Positron and Neutron Emissions from Terrestrial Gamma-ray Flashes
by
Gregory S. Bowers
Terrestrial gamma-ray Flashes (TGFs) are intense, sub-millisecond bursts of gamma-rays rou-
tinely observed by satellites with energy spectra and timing characteristics consistent with
bremsstrahlung from electron avalanches produced in thunderstorm electric fields. Since their
discovery in 1994, the overwhelming majority of TGF observations have been from satellites.
The goal of this work was to see how well TGFs could be observed from instruments on the
ground or in the air, and whether there exist TGFs too dim to be seen from space, or TGF related
phenomena impossible to observe from satellite.
Using portable instruments consisting of scintillation radiation detectors, we report
on the ground observation of a 100 ms duration neutron flash from a lightning strike to a wind
turbine in Japan, and evidence of positrons associated with lightning from observations aboard
an airplane inside the eyewall of Hurricane Patricia. We discuss methods for deriving TGF
brightness by comparing our observations to Monte Carlo simulations. Both the neutron flash
seen in Japan, and the evidence for a downward beam of positrons produced in the eyewall of
Hurricane Patricia are consistent with production from TGFs with brightnesses typical of TGFs
observed by satellites.
xiv
I said to my soul, be still, and wait without hope
For hope would be hope for the wrong thing; wait without love,
For love would be love of the wrong thing; there is yet faith
But the faith and the love and the hope are all in the waiting.
Wait without thought, for you are not ready for thought:
So the darkness shall be the light, and the stillness the dancing.
Whisper of running streams, and winter lightning.
-T.S. Eliot, Four Quartets
For Gus, Dorothy, Mom, and Dad
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Chapter 1
Introduction
Terrestrial Gamma-ray Flashes (TGFs) are intense, sub-millisecond bursts of gamma-
ray emissions seen by satellites [1, 2, 3, 4], with energies up to 40 MeV, and associated with
lightning [5, 6, 7]. The observed energy spectra [8] and time evolution [9, 10] of TGFs are
consistent with bremsstrahlung production from Relativistic Runaway Electron Avalanches
(RREA) [11, 12, 13] at altitudes of 10-15 km [8, 14]. Most TGFs observed by satellites are
associated with positive intracloud (+IC) lightning discharges [6, 7], and recent satellite obser-
vations estimate that globally, ∼1000 TGFs occur every day [15].
Although TGFs only occur in a small fraction of lightning [16], the radiation dose
received from flying through a TGF beam aboard a passenger jet can present a significant hazard
to both individuals [17] and avionics [18], and is a motivation for the continued study of these
high-energy atmospheric phenomena.
With the exception of a single TGF observed aboard an aircraft in 2009 [19], the
validation of current theoretical models of TGF production mechanisms have been limited to
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comparisons with satellite observations. The goal of this work was the construction and de-
ployment of instruments to observe TGF gamma-ray emissions from locations and vantages not
possible by satellite, to verify existing models, discover if there occur TGFs too faint or low
in the atmosphere to be seen by satellite, and evaluate potential health risks for people on the
ground and in airplanes.
The primary challenges in achieving such a goal are, 1.) having a suitable location to
observe TGFs, and 2.) having a suitable detector design to measure them, which are discussed
below.
1.0.1 Places to Observe TGFs From
In general, when looking for places to observe the gamma-ray emissions from TGFs
one wants to be close to lightning, but how close? To address this question quantitatively,
we derive a simple expression to compare the flux of TGF gamma-rays at different altitudes,
assuming attenuation of gamma-rays from atmospheric absorption, and changes in flux due to
the inverse-square law.
The flux, F , at a distance r from an isotropic point source of gamma-rays is related to
the intensity at the source, I0, by the inverse-square law and obeys
F(r)∼ I0
4pir2
(1.1)
The intensity of a beam of TGF gamma-rays with energy ε distributed according to
f (ε) ∼ exp(−ε/7.3MeV)/ε was shown to decrease through the atmosphere according to an
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exponential function of the mass-thickness, χ, with an e-folding length of 45g cm−2 [20], and
is given by
ITGF = I0,TGF exp(−χ/45g cm−2) (1.2)
For the case of a TGF at a source altitude of z1 observed by instruments at z0 and
z2 =565 km (satellite altitude), the ratio of observed fluxes F(z0)/F(z2) is given by
F(z0)
F(z2)
=
(z2− z1)2
(z1− z0)2
exp(−χ01/45)
exp(−χ12/45) (1.3)
where χAB is defined as the mass thickness between zA and zB in g cm−2, and is shown
for various source altitudes x1 and observation altitudes x0 (figure 1.1).
The average flux from TGF photons > 500 keV seen by detectors aboard the RHESSI
satellite at altitude (z = 565 km) is ∼ 0.1 photons cm−2 [21]. The flux on the ground directly
below a TGF at 8 km is seen to approach 10 times the flux observed at satellite altitude. For
any horizontal offset, this ratio is reduced considerably, requiring a ground instrument with
a very large effective area to collect comparable statistics to what is seen by satellite. An
approach to observing TGFs gamma-rays with small sensors (effective areas on the order of
10s of cm2) is to locate instruments at high elevations where there is lightning overhead, or fly
them into thunderstorms (targeting TGFs produced at altitudes between 10-14 km). Another
approach is to look for locations where lightning is very low to the ground, as is the case for
winter thunderstorms in Japan (targeting TGFs that are too deep in the atmosphere to be seen
by satellite). See figure 1.2.
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Figure 1.1: Ratio of TGF gamma-ray fluxes at altitudes z0, z2 = 565 km for a TGF at altitude
z1. Solid lines assume no horizontal offset from nadir/zenith. For 1 km TGF source, coarse/fine
dashed-line shows ratio for 5 km and 10 km horizontal offset in observation at z0.
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Figure 1.2: Illustration of negative-charge center altitudes for different geographical thunder-
storms. Charge centers tend to be at similar temperatures. From [22]
1.0.2 Instruments to Observe TGFs With
Two instruments were built at the University of California Santa Cruz to meet the
challenging requirements of being able to measure and record short (sub-millisecond) bursts of
radiation over a wide dynamic range of intensities (equivalent count rates of 10s to millions of
counts per second) and energies (100 keV to 50 MeV) aboard aircraft and on the ground.
The two main design strategies employed in the detector systems used in each instru-
ment to address these challenges were: 1.) using the combination of a large (ø5”x5”) and small
(ø1”x1”) plastic scintillation detector to provide fast counting (plastic scintillators produce fast
pulses and low dead time) and wide dynamic range (a ø1”x1” detector is 125 times less volume
than a ø5”x5” detector and can produce pulses during periods when the large detector is satu-
rated); 2.) using an additional crystal scintillator like NaI(Tl) or LaBr3(Ce) that is slower than
plastic but provides excellent energy resolution.
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The Airborne Detector for Energetic Lightning Emissions Mark II (ADELE II) was
built to operate in an aircraft environment, consisting of a large and small plastic detector pair
with a medium (ø3”x3”) LaBr3(Ce) detector for spectral analysis (See Appendix C), and was
deployed on the NASA Global Hawk AV-1 during the Hurricane and Severe Storm Sentinel
(HS3) campaign in 2012 where it flew above hurricanes at an altitude of 17 km, and then on the
NOAA Hurricane Hunter’s WP-3D Orion During the 2013-2014 Atlantic Hurricane Seasons
which flew through hurricanes at levels of 2-5 km.
The Gamma-ray Observations During Overhead Thunderstorms (GODOT) instru-
ment was built to operate outside on the ground, consisting of a large and small plastic detector
pair with a large (ø5”x5”) NaI(Tl) detector for doing spectral analysis (See Appendix D), and
was deployed to the High Altitude Water Cherenkov (HAWC) Observatory near Mt. Orizaba
in Puebla Mexico at an altitude of 4.1 km, and twice to Ishakawa prefecture along the northern
coast of Japan, once to Noto during the winter of 2014, and once to the base of a wind turbine
in Uchinada during the winter of 2015.
Chapter 2 will present a historical overview of observations of energetic emissions
from lightning and discuss the physical mechanisms thought to be responsible for them.
Chapter 3 will present an observation of a TGF observed from below in the eyewall of
Hurricane Patricia and evidence for the production of positrons in the TGF production region.
Chapter 4 will present an observation of a flash of neutrons observed from a TGF
above a wind turbine in Japan.
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Chapter 2
Background
Almost 250 years after Benjamin Franklin demonstrated the electrical nature of light-
ning by flying a kite tied to an iron key into a thunderstorm [23], the Burst and Transient Source
Experiment (BATSE) aboard NASA’s Compton Gamma Ray Observatory (CGRO) discovered
Terrestrial Gamma-ray Flashes (TGFs), enormously bright bursts of radiation associated with
some lightning flashes [1]. Their discovery has spurred forward the now burgeoning field of
high energy atmospheric physics [24] which seeks to understand the mechanisms by which
lightning and thunderstorm processes can create these intense and energetic bursts of radiation.
2.1 Energetic Lightning Emissions
In this chapter we present an overview of the different energetic lightning emissions
that have been observed and the physical models that are used to explain them.
7
2.1.1 Runaway Electrons
In 1925 C.T.R. Wilson proposed that energetic electrons in a thunderstorm electric
field could gain energy faster than was lost due to friction and ’run away’ to higher and higher
energies [11]. This can be seen by looking at the Bethe-Bloch curve for the frictional loss an
electron experiences as a function of its energy (figure 2.1). In the presence of an electric field
below the peak of the Bethe-Bloch curve at eEc, the total stopping power dε/dx= eE−Sbethe(ε)
is zero at a stable (blue) and unstable (red) equilibrium energy. Electrons with energies below
the unstable electron energy, or the runaway electron threshold εth, will come to equilibrium at
the stable equilibrium energy. Electrons with energies above εth will accelerate to higher and
higher energies. A population of electrons characterized by some initial energy distribution will
therefore bifurcate in the presence of an electric field at energy ε = εth into two populations:
terminal electrons, and runaway electrons, with the runaway electron energies depending on the
strength, duration, and extent of the applied electric field.
2.1.2 X-rays
Bremsstrahlung radiation is the electromagnetic radiation produced by charged parti-
cles that accelerate in the electric field of an atomic nucleus. Although the direct observation of
runaway electrons produced in thunderstorm electric fields is difficult because the penetration
depth of these electrons in the atmosphere is limited to a range on the order of a few km, the
x-ray and gamma-ray emissions from their bremsstrahlung can propagate much farther1 [26].
1The CSDA (continuous-slowing-down approximation) range of a 40 MeV electron in air is ∼1.6 g/cm2. By
comparison, the e-folding in intensity of a beam of gamma-rays with energies up to 40 MeV is 45 g/cm2 [25]. For
particles moving upwards (downwards) at 10 km, the gamma-ray beam is still at 1% of its original intensity after 8
km (4 km), while the 40 MeV electron has a maximum range of ∼ 50 m in either direction.
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Figure 2.1: The Bethe-Bloch stopping power, or frictional force, −Sbethe(ε), for an electron
in air at sea level, and the force experienced from a constant electric field, eE (the dielectric
breakdown field at sea level, 3MV/m, is shown). In the presence of an electric field, the total
stopping power dε/dx= eE−Sbethe(ε) is zero at stable (blue) and the unstable equilibrium (red)
energies. For electrons with energies greater than the runaway threshold energy, the frictional
loss is less than the energy gained from the electric field and the electron will run away to high
energies until overcome by radiative losses (dashed line)
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The first significant observations of x-rays associated with lightning activity were
made using a 2” diameter NaI(Tl) scintillator detector mounted in the cockpit of a NASA F-106
jet that was flown into several thunderstorms over 1980 [27], and again in 1984 [28], where a 3-
order of magnitude increase in the background x-ray flux > 110 keV lasting for several seconds
was observed. Since then, continuing observations of ’gamma-ray glows’ from thunderstorms
have been made from detectors on sounding balloons [29, 30], aircraft [31], and ground [32, 33,
34, 35, 36].
A detailed modeling of the expected x-ray flux enhancement from thunderstorm elec-
tric fields using C.T.R. Wilson’s runaway electron model was done by McCarthy and Parks
[37] who found that the observed x-ray flux enhancements require a much greater population of
relativistic ’seed’ electrons than is available from cosmic-ray background secondaries and the
decay of naturally occurring radon isotopes.
2.1.3 Relativistic Runaway Electron Avalanches (RREA)
Relativistic runaway electron avalanches are multiplications of runaway electrons re-
sulting from the electron-electron (Møller) scattering of runaway electrons with the bound elec-
trons in air molecules within a high field region [12], and is easily able to explain the observa-
tions of McCarthy and Parks [13]. The minimum electric field necessary to produce RREA in
air at sea level, Eth = 0.28 MV/m, is∼ 30% above the break-even field Eb, corresponding to the
minimum of the frictional loss curve (figure 2.1), and below the conventional break-down field
Ecb = 3.2 MV/m [38]. A number of Monte Carlo and Boltzman-equation codes have calculated
the RREA runaway electron energy spectrum to be
10
fRE(ε)∼ exp(−ε/7.3MeV ) (2.1)
for energies >1 MeV [24], largely independent of the electric field strength [8]. This functional
form is related to the fact that for each generation of multiplication the number of electrons grow
exponentially, and each generation undergoes about the same amount of acceleration when the
next one is born.
2.1.4 Terrestrial Gamma-Ray Flashes (TGFs)
Bright, sub-millisecond bursts of Gamma-rays associated with lightning were first
discovered in 1994 by the Burst and Transient Source Experiment (BATSE) [1]. Since then,
TGFs have routinely been observed by satellites with energies up to 40 MeV [2, 3, 4], with
energy spectra [8] and time evolution [9, 10] consistent with bremsstrahlung production from
RREA at an altitude of 10-15 km [8]. TGF’s can produce fluences at satellite altitudes ap-
proaching∼ 1 photon cm−2 [21], requiring the production of 1017 relativistic electrons at source
altitudes of 10-15 km [39].
RREA can multiply energetic electrons in an electric field, but the multiplication is
dependent on the field-strength, the number of relativistic seed electrons available to be multi-
plied, the timescale of the multiplication, and whether additional mechanisms (such as feedback,
discussed below) are occurring.
For multiplication on the timescale of TGF observations (0.5ms) and within the spatial
extent of moderate electric fields (below the dielectric breakdown field) near lightning leaders
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and leader steps (10s of meters in extent), cosmic ray showers can reasonably provide at most
∼ 107 energetic seed electrons [40], and RREA can provide at most a multiplication of 105,
limited by the number of avalanche lengths within the extent of the field region [39], several
orders of magnitude lower than what is necessary to explain TGF fluences.
One solution proposed by Moss in 2006 [41] was that if one considers the possibility
of the electric field around the streamer zone of lightning leaders (100s of µm in extent) to be
very large (exceeding the dielectric breakdown field), then thermal electrons can run away to
high energies in the streamer zone and serve as relativistic seed particles for RREA over larger
distances in more moderate electric fields. Because the large electric field around the streamer
tip, > Ec, accelerates even low energy or thermal electrons (see figure 2.1), this multiplica-
tion model is often referred to as ’cold runaway’, or the lightning leader tip model [42]. Other
models propose that the electric field around the streamer can accelerate thermal electrons to en-
ergies of 100 keV, which can then runaway to relativistic energies and avalanche in the extended
field around the lightning leader [43, 44].
.
2.1.5 Positrons
Another solution proposed by Dwyer in 2003 [38] was RREA with feedback, in
which electric fields below the dielectric breakdown field produce ∼ 1017 electrons through
the ’avalanching of avalanches’, whereby positrons or gamma-rays produced by an RREA can
travel to the beginning of the acceleration region and produce secondary RREA. For large source
regions (the spatial extent of thunderstorms), this mechanism can explain TGFs observed by
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satellite [45, 8].
The positrons in the positron feedback model result from the pair production of
bremmstrahlung gamma-rays created by RREA electrons, and are also produced in the cold-
runaway model.
2.1.6 Neutrons
Neutron production from lightning was first proposed by Libby and Lukens in 1973
[46] as a means of explaining short term secular changes in radiocarbon sequestration in tree
rings, proposing that the high temperature lightning channel produces 2.45 MeV neutrons
through the nuclear deuterium-deuterium reaction, denoted by 2H(2H,n)3He, indicating the
combination of 2 2H molecules producing a neutron and 3He.
In 1975, Fleischer [47] looked at neutron dosimeters mounted at the base of lightning
rods that experienced a total of 156 strikes. He estimated an upper limit of 3× 109 thermal
neutrons and 2.5× 1010 2.45 MeV neutrons per stroke based on the total exposure that could
also be explained by cosmic ray background, and is considered a null result.
Neutrons associated with lightning were first detected at the Lead-free Gulmarg Neu-
tron Monitor (LFGNM) facility in 1985 [48]. The monitors consisted of BF3 counters, 90 cm
by 3.8 cm in diameter with 28 cm thick paraffin wax below and 7.5 cm paraffin wax slabs
above to thermalize neutrons and allow a detection efficiency of ∼ 3% at 2.45 MeV. A trig-
gered data mode, triggered either manually at random times or by a linear antenna detecting the
electric field changes associated with a lightning discharge, began an interval counter to mea-
sure the arrival time in 10 µs intervals between the trigger and the detection of the first neutron
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count, which started 4 detector channels in sequence, each recording the number of counts up
to 99 within an 80 µs interval, spanning a total interval of 320 µs. Comparing a large number
of manual (8,400) and lightning triggered (11,200) observations, they found that the majority
of observations (> 95%) recorded only 1 neutron within the 320 µs interval, consistent with
random background neutron arrivals, but that there were significantly more lightning triggered
events (124) compared to manual triggered events (4) that counted ≥ 3 neutrons. Many of the
lightning triggered events counted more than 3 neutrons, with the largest event counting 60, as
compared to the largest manual triggered events which counted at most 3. The 124 lightning
triggered events exhibited a wide range of arrival times, from 10 µs - 0.1 s. 50 of the events
with arrival delays between 10-50 µs were consistent with yields of 9×106-2×1010 2.45 MeV
neutrons per stroke from deuteron-deuteron production. The remaining events had 2.45 MeV
neutron yields too large to reconcile with the results of Fleischer 1975, but were consistent with
yields of 3×106-2×1012 thermal neutrons. A similar experiment using the same BF3 detectors
was performed in Mumbai using an untriggered data mode and estimated a comparable neutron
yield of 108-109 2.45 MeV neutrons per stroke.
In 2006 Babich [49] found that the efficiency for deuteron-deuteron fusion was too
low to explain neutrons from lighting, but that photonuclear production in upper atmospheric
discharges could produce large numbers of photoneutrons. Modeling work led by Babich in
2007 [50] found that simulated photonuclear production was consistent with analytical esti-
mates of a TGF producing ∼ 1014− 1015 photoneutrons for 1017 source photons from RREA.
Modeling work done by Carlson et al 2010 [51] using GEANT4 found a lower estimate of
1012 photoneutrons per 1016 TGF source photons, attributing discrepancy with earlier work to
14
differences in input TGF spectra, but consistent with observations by Shah et al. [48].
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Chapter 3
A Downward Beam of Positrons Observed in
the Eyewall of Hurricane Patricia
We report the first observation of gamma-ray emissions from lightning within a hur-
ricane eyewall, consistent with production by a downward beam of positrons from a Terrestrial
Gamma-ray Flash.
In 2014 and 2015 ADELE Mark II flew aboard NOAAs WP-3D Orion during the
Atlantic hurricane season, targeting thunderstorm systems in hurricane rainbands [52], and the
increased eyewall lightning associated with the intensification of strong hurricanes [53].
On October 23rd, 2015 at ∼1733 UTC, NOAAs Hurricane Hunters’ WP-3D flew
through the center of Hurricane Patricia during meteorological reconnaissance (figure 3.1). At
1732UTC, at an altitude of∼2.5 km (figure 3.2), coincident with a nearby lightning flash (figure
3.3), ADELE measured 184 counts of ionizing radiation within 150 µs among three scintillation
detectors (figure 3.4).
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Figure 3.1: Vertical cross section of radar reflectivity (dBz) measured by the X-band tail radar
of NOAA's WP-3D Orion during its first inbound pass through Hurricane Patricia's eyewall on
October 23, 2015 at 1730 UTC. The yellow star indicates ADELE's location during the TGF
observation at 17:32:06 UTC at an altitude of 2.6 km, ∼7.5 km away from the hurricane center
at 18.167 N, 105.26 7W. +/- 1, 6, 8, and 10 m/s contours of the vertical component of the wind
velocity are shown in black/grey (courtesy of Paul Reasor and John Gamache).
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Figure 3.2: Horizontal cross section of radar reflectivity at 10 km inside Hurricane Patricia
showing eyewall structure and reported lightning locations during the TGF observation. The
yellow star indicates the location of ADELE at 17:32:06.401 UTC. The red ellipse shows the
RMS location uncertainty for a flash recorded by the World Wide Lightning Location Network
(WWLLN) at 17:32:06.401 UTC. The black asterisks show locations of two flashes located
by Earth Networks at 17:32:06.401 UTC and 17:32:06.402 UTC, with location uncertainties
comparable to the ellipse shown for WWLLN. The dashed circles show the locations at 10 km
that are 20 and 45 degrees (with respect to down) away from the planes location at 2.6 km.
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Figure 3.3: Associated radio waveform recorded by VLF sensor at Duke University at 35.975
N, -79.094 E. Red vertical bar shows time of TGF observation. The waveform time has been
shifted based on WWLNN geolocation of the flash relative to the VLF sensor. This distance
was calculated to be 3242.5 km using the WGS-84 geoid for a speed of light propagation time
of 10.82 ms
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Figure 3.4: Raw count rate data of the Hurricane Patricia TGF observed by ADELE showing
scintillation counts per 50 µs in ADELE’s 13 integral energy channels: A (Top) 1x1 plastic
scintillator, B (Middle) 5x5 plastic scintillator, C (Bottom) 3”x3 Lanthanum Bromide (LaBr3)
scintillator. 184 unique counts were observed within the 150 µs indicated by the vertical dashed
lines.
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HHHHHHHHHHH
Channel
50 µs bin
32:06.40130 32:06.40135 32:06.40140 Total
counts dead time counts dead time counts dead time counts dead time
counts counts counts counts
SmPl
[>67 keV] 0 0 4 33 1 8 5 41
[>354 keV] 0 0 2 13 1 4 3 17
[>722 keV] 0 0 2 10 1 2 3 12
[>1800 keV] 0 0 2 5 0 0 2 5
LgPl
[>74 keV] 18 289 99 1890 3 24 120 2203
[>357 keV] 8 100 54 639 1 4 63 743
[>794 keV] 7 85 40 488 0 0 47 573
[>3586 keV] 4 23 20 120 0 0 24 143
LaBr3
[>415 keV] 7 133 51 1187 1 13 59 1333
[>662 keV] 6 80 41 599 1 10 48 689
[>1060 keV] 5 61 38 515 1 5 44 581
[>1980 keV] 3 46 30 553 0 0 33 599
[>4980 keV] 2 16 18 210 0 0 20 226
Table 3.1: Raw count and dead time count for each ADELE detectors energy channel recorded
over the 150 µs duration of the TGF observed in the eyewall of Hurricane Patricia.
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At this time, Patricia had briefly become the strongest hurricane on record in either
the eastern North Pacific or North Atlantic Basins [54]. This WP-3D pass through the eyewall
occurred approximately 3 1/2 half hours after peak intensity, in the middle of a 4-hour interval
of intense lightning observed by the Worldwide Lightning Location Network (WWLLN); an
even more intense interval of lightning had occurred up to 1000UTC, during the period of most
rapid intensification. This is the first reported observation of a TGF associated with a hurricane
eyewall, although TGFs have been seen from a very wide range of storm types [55, 56].
The radio signal from the nearby lightning flash (figure 3.5) indicated that this was
likely a typical TGF, with a beam of Relativistic Runaway Electron Avalanche (RREA) elec-
trons moving upwards. RREA theory also predicts a beam of positrons moving downward,
produced by the interaction of gamma-rays with atomic nuclei [38]. Both electron and positron
beams are expected to produce bremsstrahlung x-rays and gamma-rays in their direction of
travel by colliding with atomic nuclei (figure 3.6), but only the bright upward gamma-ray beam
produced by the electrons has ever been observed from a TGF. In the feedback model of TGFs
[45], it is the downward positron beam that is responsible for the enormous brightening of TGFs
by seeding new electron avalanches at the bottom of the avalanche region. Upward positron
beams have been observed from lightning discharges [57], but these are a by-product of the
TGF electron beam interactions in the Earths atmosphere above the thunderstorm, whereas the
downward positron beam is a direct product of the interactions in the TGFs electric field pro-
duction region.
To compare our observations to a typical TGF seen from satellite, assuming an RREA
production mechanism, the energy spectra of counts recorded within the 150 µs were compared
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Figure 3.5: Comparison of radio signal waveforms from lightning flashes detected by the Duke
VLF sensor. Lightning characteristics are inferred from the fast ( 5 periods in 500us) and slow
(trailing pulse with 2ms duration) signals in the waveform. The leading sign of the slow signal
unambiguously identifies the polarity of the event: a negative leading slow signal indicates a
negative charge moving upwards (or a positive charge moving downward). Two fast signals in
rapid succession is very typical of an intracloud lightning event. A (Top, black) Radio signal
from lightning flash coincident with the hurricane Patricia TGF observation. B (red) Radio
signal from a lightning flash coincident with a FERMI satellite TGF observation, located at a
comparable distance to the Duke sensor as Hurricane Patricia. C (purple) Radio signal from CG
lightning flash observed in Hurricane Patricia. D (orange) Radio signal from typical lightning
flash in Hurricane Patricia. The peak current inferred for each flash is listed.
23
Figure 3.6: Monte-Carlo simulation of an upward TGF in the Earths atmosphere at 10.5 km
showing gamma-ray emissions (red) from upward scattering electrons (A), downward scatter-
ing positrons (B), and backscattered upward-moving electrons (C). The yellow/blue tracks are
secondary electrons/positrons. WP-3D shown at an observation angle of θ
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to Monte-Carlo simulations using GEANT4 [58] of ADELEs response to the downward beam
of positron bremsstrahlung produced from an upward TGF occurring at altitudes 8, 10 and 12
km (see supplementary materials, ’Patricia TGF Model’). In each simulation, several billions
of gamma-rays with energies distributed according to the energy spectrum expected from the
RREA TGF positron beam were released at the specified altitude and allowed to propagate
through and interact with a mass model of the atmosphere, and the resulting radiation field
produced at the planes altitude of 2.6 km was captured. For each simulated TGF altitude, a
mass model of ADELE in the NOAA aircraft was positioned at several radial distances from
the nadir of the downward positron beam at 0 degrees. The radiation field captured from the first
stage of the simulation was then allowed to scatter and be absorbed in the instrument and aircraft
(see Appendix A). The shape of the simulated spectra in all three detectors closely resembles
the observed spectra (figure 3.7). The only free parameter in this comparison is the number of
photons input at the source location, determined by scaling the number of counts simulated in
the large plastic detector to the number of counts observed in the large plastic detector.
From our observations and the simulated response of ADELE in the downward positron
beam of a TGF, we can infer the total number of gamma rays >1 MeV produced by the TGF for
a given range of source altitudes and observation angles (figure 3.8). The number of photons
input at the source location is determined by scaling the number of counts simulated in all 3
detectors to the total number of counts observed. For angles relatively far from the nadir (which
are more likely), the total number of inferred gamma-rays is consistent with ordinary TGFs
seen from space. Although we cannot constrain the TGF source altitude from the radio mea-
surements or observed gamma-ray spectra (see supplementary materials), it is plausible, from
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Figure 3.7: Number of dead time corrected scintillator counts observed by ADELE (black cir-
cles) in each detector. The colored symbols (square, x, and diamond) for comparison are sim-
ulated counts from a Monte-Carlo simulation of ADELE at an altitude of 2.57 km, below the
downward positron beam of an upward pointing TGF at an altitude of 8, 10, and 12 km. The
colors indicate the angular offset of ADELE at 2.57 km with respect to the nadir of the positron
beam. The vertical bars on the observed counts are the 84% confidence limits in the observed
counts (Gehrels 1986). The horizontal bars correspond to the widths of the energy channels in
the detectors.
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comparing high resolution simulations of the charge structure evolution of electrically active
hurricanes [59] to previously observed charge structures of TGF source regions, that the TGF
occurred between 8 and 12 km, which is also consistent with simultaneous radar measurements
of the cloud reflectivity during the observation, and later dropsonde measurements of the eye-
wall temperature profile at 2000UTC (see section supplementary materials). A source region
below 8 km, but above the airplane, would indicate a TGF too dim to be observed by satellite.
The simulated spectra from a downward TGF above the airplane (requiring a IC dis-
charge) is also consistent with our observations, but is ruled out based on radio observations
(as discussed above). The simulated spectra from the backscatter of an upward TGF without
a downward beam of positrons (figure 3.6C) is found to be too soft and cannot reproduce the
observed counts at high energies (see supplementary materials). We therefore conclude that the
most likely scenario is that the TGF reverse positron beam, never before observed but predicted
by RREA theory, is indeed present.
3.1 Supplementary Material
3.1.1 Patricia TGF Model
For the simulations of our instrument response to a TGF, we used as input a list of
photon’s generated by the REAM (Runaway Electron Avalanche Model) code [38, 24], which
simulates RREA from 1 MeV electrons in a sea-level equivalent electric field strength of 0.4
MV/m. For the simulation of a downward TGF, the full simulation photon list was used. For the
simulation of a reverse positron beam from an upward TGF, only photons produced by positron
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Figure 3.8: Estimated TGF brightness in the number of gammas > 1 MeV for likely TGF
altitudes and observation angles of the aircraft relative to the nadir of the TGFs downward
positron beam. Between 1016 and 1019 gammas (dashed horizontal lines) is the typical range
of TGF brightness observed by satellites [60]. A brightness above 1019 gammas per TGF is
excluded based on exisiting satellite obesrvations. A brightness below 1016 gammas per TGF
is possible, but is too dim to likely be observed by satellite. The vertical region between 20
and 45 degress correspond to the footprint shown in figure 3.2. For a given altitude, the white
circles correspond to a TGF brightness assuming the 72 kA peak current measured by Earth
Networks was entiredly from the TGF electrons (meaning no current flowed in the lightning
channel) and respresents an upper limit on the TGF brightness based on present RREA models
(dashed segments are therefore unphysical).
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Figure 3.9: (Left) Photon energies for bremsstrahlung gamma-rays produced by REAM simu-
lation. (Right) Angular distribution of bremsstrahlung gamma-rays produced by REAM sim-
ulation. The full avalanche simulation (black) includes photons from electron and positron
bremsstrahlung (for a downward TGF simulation, the contribution from back-scattered positron
bremsstrahlung is negligible).
bremsstrahlung were used. The energy and angular distribution of the photon lists used as the
stage 1 inputs to the Monte Carlo simulations for the ADELE instrument response for this work
(see Appendix A.5) are shown in figure 3.9.
3.1.2 GEANT4 Simulations
To compare our observations with models and infer TGF brightness, we simulate the
instrument response to energetic radiation using the GEANT4 monte-carlo toolkit. The scintil-
lator detectors are modeled as cylindrical volumes (ø1”x1, ø3”x3 and ø5”x5”) of scintillation
material (plastic (polyvinyltoluene), and LaBr3), and the airplane is modeled as an aluminum
shell 100 cm in diameter surrounding the detectors, 3.9cm thick, equivalent to 10 times the
thickness of a right cylindrical aluminum shell with the same weight (27,900 kg), length (116
ft) and diameter (33 ft) as an unloaded WP-3D aircraft. Comparison studies were done varying
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both the thickness (from 39 µm to 39 cm) and diameter (from 100 to 200 cm) of the shell with
no significant difference in the simulated spectra.
3.1.3 Patricia TGF Source Altitude
The simulated spectra (figure 3.7) are similar for the source altitudes considered and
all energies below 10 MeV. This is due to a balance between the increasing loss of low energy
gamma-rays due to absorption and the increasing production of low energy gamma-rays from
the down-scattering of high energy gammas to lower energies as the amount of atmosphere be-
tween the instrument and the TGF increases. The simulated spectra begins to differ for energies
above 10 MeV for different altitudes and angles, as seen in the>5 MeV channel for LaBr3, but
not enough to constrain the likely TGF source altitude based on the statistical uncertainties of
these measurements [61].
Detailed meteorological observations of a storm system that produced a TGF ob-
served by satellite in 2008 found the associated +IC leader occurred at an altitude correspond-
ing to a region of radar reflectivity between 20-25dBz [62]. From the vertical radar reflectivity
measurements (figure 3.1), this range of reflectivity corresponds to a range of altitudes between
8-10 km. However it should be noted that the TGF likely occurred out of the plane of the
vertical measurement where the reflectivity profile may be different.
TGFs have predominately been observed to occur coincident with +IC lightning, in
which a lightning channel connects the upper positive charge layer with the main negative
charge region, typical in the tripole charge model of thunderstorms [63]. The boundary be-
tween the upper positive and main negative, where the TGF source region is likely to occur, is
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associated with the altitude where the temperature equals the so called charge reversal temper-
ature, between -20C and -10C [64, 65]. This isotherm can therefore serve as a meteorological
indicator of a likely TGF source region. Temperature vs altitude profiles from dropsonde data
taken inside Hurricane Patricia on 15/10/23 at 2000UTC are shown (figure 3.10). The charge
reversal temperature inside the eyewall is shown to occur between 8 and 10 km. Although
we cannot say anything definitive about the temperature profile during the TGF observation at
1736UTC, because the temperature profile is seen to be warmer in the inner eyewall compared
to the outer rainbands, it is plausible that the temperature profile earlier would have been similar
or warmer, leading to a comparable or higher altitude for the charge reversal temperature region.
3.1.4 Patricia Model-TGF Spectra Comparison
To test the hypothesis that our observation was from the bremsstrahlung of a down-
ward positron-beam of an upward TGF, we considered a tripole charge structure with a main
negative region extending from 5 to 8 km, with lower and upper positive regions at 5 and 8
km respectively. In this scenario it is plausible for either an upward TGF to occur near 8 km
associated with a +IC discharge, or a downward TGF to occur near 5 km associated with a -IC
discharge. It is also possible, if the tripole charge structure were inverted, that an upward TGF
could occur near 5 km associated with a +IC between the lower negative and main positive. We
compared the shape of the gamma-ray spectrum produced at 2.6 km from a.) the bremsstrahlung
from a reverse positron beam generated by an upward TGF as predicted by RREA at 8 km, b.)
the bremsstrahlung from the downward electron beam of a reverse TGF at 5 km, and c.) the
electron backscatter from an upward TGF at 4 km, with no reverse positron beam (figure 3.11).
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Figure 3.10: (Left) Path of dropsondes in Hurricane Patricia during TCI experiment on 15/10/23
2000UTC, over-plotted onto GOES13 14.7 µm image data taken at 194519UTC (image data
shifted 0.83 degrees in longitude to compensate for viewing parallax). (Right) Temperature
profiles vs altitude from dropsonde data. The -20 C charge reversal temperature is indicated by
the vertical dashed line.
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The spectral shape from a reverse positron beam is seen to be harder (more counts
at higher energies) than the direct electron beam, but the integrated spectra above 5 MeV are
similar enough that a single observation from our instrument would likely not distinguish the
two cases.
The spectral shape from the electron backscatter of an upward TGF (with no positron
beam) is seen to be very soft, and is ruled out as a possibility based on our observation of many
counts at high energy.
We also look at how the spectral shape at 2.6 km changes as the source altitude is
varied for the reverse positron beam and direct electron beam (figure 3.12). It is interesting to
note that while the spectra from a downward TGF hardens as the altitude increases (owing to
absorption of low energy particles), meaning that more detailed observations of energies above
10 MeV could conceivably constrain the source altitude, the spectra from the reverse positron
beam does not change significantly, meaning that it would be difficult to spectroscopically con-
strain the source altitude regardless of the instruments energy resolution.
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Figure 3.11: The spectra at 2.6 km produced by the a.) reverse positron (e+) beam from an
upward TGF at 8 km, b.) the downward (e-) beam from a downward TGF at 5 km, and c.) the
electron backscatter from an upward TGF at 4 km (with no positron beam). ADELEs integral
energy channel thresholds are shown by the vertical dashed lines (Plastic detectors (cyan), LaBr3
(purple)).
34
Figure 3.12: Comparison of the spectra at 2.6 km produced from downard electron/reverse
positron beams at altitudes of 5 km (blue) and 14 km (red).
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Chapter 4
A Neutron Flash Observed Under a Wind
Turbine in Uchinada, Japan
Neutron production associated with lightning has been reported [48, 66, 67, 68], and
both thermonuclear fusion [46] and photonuclear reactions [50] have been proposed as possi-
ble generation mechanisms, but a definitive observation distinguishing these two cases has not
been made. In this work we present a detailed observation from a suite of scintillation detectors
coincident with a lightning strike to a nearby wind turbine caught on high speed camera, of a
sudden-onset increase in scintillator counts lasting∼ 100 ms with both a spectroscopic and tem-
poral signature unique to the presence of thermal neutrons. These observations are compared to
Monte Carlo simulations and shown to be consistent with photonuclear production from TGF
gamma-ray interactions in the ground and surrounding atmosphere, and the derived brightness
of the TGF is comparable to the brightness of those seen from orbit. In comparison to previ-
ous neutron-lightning observations that have employed large BF3 and 3He filled proportional
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counters, which are optimized to measure thermal neutrons below 1eV, we show that by using
a suite of relatively small scintillation detectors, which are sensitive gamma-rays and electrons
with energies from 100s of keV to 10s of MeV, it is possible to observe gamma-ray signa-
tures of neutron production impossible otherwise. These results demonstrate that TGF neutron
flashes from photonuclear production exist and that small and portable equipment capable of
gamma-ray spectroscopy can be deployed to study them. From our simulations, it is discovered
that ground thermalization is important when considering the instrument response and radiation
dose from neutron flashes. Additionally, the presence of high energy photoneutron interactions
with atmospheric nuclei implies the production of positron-emitting radioisotopes associated
with TGFs.
In the winter of 2015, the Gamma-ray Observations During Overhead Thunderstorms
experiment (GODOT), consisting of three scintillation detector systems to measure fast, ener-
getic particle emissions from lightning was deployed to the city of Uchinada along the western
Ishikawa prefecture of Japan, 300m from the base of a wind turbine and it’s lightning protection
tower (figure 4.1). The coast of Japan is an ideal place to look for TGFs from the ground as
coastal winter thunderstorms have very low charge centers where TGF production is thought to
occur [22].
During a winter thunderstorm on December 3, 2015, the lightning protection tower
was struck by lightning at 20:20:29 UTC, initiated by a positive upward leader from the tower
resulting in a negative cloud-to-ground (-CG) event (figure 4.2).
During the lightning flash, GODOT recorded a burst of counts in its ø1x1” small
plastic, ø5x5” large plastic and ø5x5” large NaI(Tl) scintillation detectors coincident with a
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Figure 4.1: Overview of experiment. The Gamma-ray Observations During Overhead Thun-
derstorms (GODOT) equipment and Electric Field Mill shown located on a rooftop (far right)
∼300 meters away from the Uchinada Wind Turbine and its lightning protection tower (far left).
Figure 4.2: High speed camera image stills from -CG lightning flash to Uchinada lightning
protection tower initiated by a positive upward leader
.
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large change in the atmospheric electric field consistent with the removal of negative charge
overhead (figure 4.3a). The NaI(Tl) recorded the most counts, but we do not consider those
data here due to calibration difficulties at high count rates.
The small plastic (SmPl) and large plastic (LgPl) detectors recorded a burst of counts
that slowly faded over a 100 ms timescale (figure 4.3b). The ratio of the number of counts
observed in the two detectors was consistent with the ratio of the effective volume of the scintil-
lators (∼75:1). During the event, the LgPl detector’s memory buffer filled up and was inactive
during the period indicated while the buffer was read out and written to disk (figure 4.3b). There
is ∼500 µs uncertainty in the absolute timing of the GODOT data, but the event was coincident
with a brightening of the lightning channel observed by a 20,000 FPS camera during the flash,
and large negative charge motion observed by a fast electric-field antenna (figure 4.3c).
The LgPl detector initially registered a burst of 14 counts before experiencing a pe-
riod of dead time lasting for ∼100 µs, and then registered ∼ 5000 events over the next 70 ms
before filling up its event buffer. The SmPl detector registered ∼ 25 events during the previ-
ously mentioned 100 µs dead time interval in LgPl, which is consistent with a very bright event
’turning on’ the comparatively insensitive ø1x1” SmPl detector while paralyzing the LgPl de-
tector. The interesting feature seen in LgPl consisting of clustered events roughly tracing out a
radical sign ’
√
’ from 0.375 to 0.384 s and approaching 2 MeV (dashed line) is consistent
with being the Compton edge from 2.223 MeV prompt gamma-ray emissions from the thermal
neutron capture on hydrogen reaction, 1H(n, γ)D that occurred in the plastic scintillator. The dip
in this feature at ∼ 0.375 seconds is consistent with the detector’s high voltage power supply
sagging and recovering from the large current drawn by the photomultiplier tube (PMT) cou-
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pled to the scintillator. Similiar PMT sagging and dead time effects have been observed in a
plastic and NaI(Tl) scintillator during a ground observation of a TGF at the International Center
for Lightning Research and Testing ((ICLRT) in North Central Florida (Hare et al. 2016, figure
7).
To test the hypothesis that the spectral feature in the large plastic detector is consistent
with prompt gamma-ray emissions from thermal neutrons being captured by hydrogen in the
scintillator, and that a TGF could explain the production of these neutrons, we simulated the
response of our instrument under the beam of a downward TGF in a model atmosphere using
GEANT4, a simulation toolkit to model the passage of particles through matter [58].
The spectra of TGFs observed by satellites are consistent with bremsstrahlung radia-
tion from relativistic runaway electron avalanches (RREA) [8, 14], and the inferred gamma-ray
spectrum follows closely the distribution
f (ε)∼ exp(−ε/ε0)/ε (4.1)
and is largely independent of the details of the electric field strength and length of the avalanche
region, and is a robust representation of the gamma-ray emissions from a TGF [24].
For our simulation we created a cylindrical volume of ø4x3 km of atmosphere, coarsely
divided into 15 slabs of air with a density, pressure, and temperature profile according to the
ICAO model atmosphere. To simulate a TGF, at an altitude of either 0.5 km, 1.0 km, or 1.5 km,
we input an RREA gamma-ray spectrum with ε0 = 6.5 MeV and a 15.3 degree half-angle Gaus-
sian beam shape [69] and tracked all photoneutrons and their secondaries produced through the
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Figure 4.3: a. GODOT small plastic (SmPl) and large plastic (LgPl) scintillation detectors (top,
middle) and atmospheric electric field (AEF) (bottom). b. 600ms detail of counts recorded
by the SmPl and LgPl during the event, and simulated counts in mass models of the detectors
(*SmPl, *LgPl) from a TGF at 1 km above the turbine from neutrons and gamma-rays. c. 20ms
detail of the beginning of the event showing observed counts (SmPl, LgPl), simulated counts
(*SmPl, *LgPl), and pixel intensity of the lightning channel and dE/dx of current from a BOLT
fast electric field antenna station (blue)
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photonuclear reactions (γ,n) down to the ground. Taking the flux of photoneutrons and their sec-
ondaries collected within an annulus of 250-350 m around the nadir of the TGF, these particles
were input into a mass model of the instrument and the arrival time and energy of interactions or
hits in the detector mass models were recorded. For each detector, this list of hits was processed
according to a model of our ADC and turned into an event list, showing the time and energy
of an event our instrument would have recorded. A comparison of the simulated response to
observations is shown in figure 4.3c.
The simulated detector response is able to reproduce four distinguishing features of
the observation: the observed event timescale (figure 4.4), the observed ratio of events recorded
in the SmPl and LgPl detector, the 2 MeV Compton peak in the large plastic detector from
the capture of thermal neutrons on hydrogen according to the reaction n(H,2.223 MeV )D, and
counts below ∼10 MeV corresponding to prompt gamma-ray emissions from neutron capture
on atmospheric nitrogen and oxygen (figure 4.3c).
By comparing the simulated to the observed count rates we can estimate the TGF
brightness (see Appendix A.4). The solid colored lines show the count rate per 5 ms per 1017
simulated TGF gammas for simulated TGF photonuclear product interactions in the detector,
excluding direct TGF gammas. The dashed colored lines show the count rate per 5 ms per 1017
simulated TGF gammas for direct TGF gamma interactions, excluding photonuclear interac-
tions. The observed count rate per 5 ms is shown in black.
For a downward TGF at 1.0 km, the observed count rate is consistent with the TGF
having produced ∼ 1016 gamma-rays, which is typical of TGFs observed by satellites [60].
The total fluence of gamma-rays at the ground was calculated to be approximately ∼100,000
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Figure 4.4: Comparison of observed count rate in Large plastic detector to simulated count rate
from TGFs at different altitudes. Colored lines show the count rate per 5ms per 1017 simulated
TGF gammas.
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photons/cm2, which is larger than the total fluence of all TGFs observed by satellites since they
were discovered in 1994. This would have produced such a large count rate in our large plastic
detector that the Analog Digital Converter (ADC) recording the counts out of the PMT would
have been paralyzed, consistent with our observation of counts in the small plastic coincident
with dead time in the large plastic, and emphasizes the importance of employing small detectors
when searching for TGFs that can produce large count rates. The total fluence of neutrons at
the ground was calculated to be ∼1000 neutrons/cm2, corresponding to a production of ∼1012-
1013 photoneutrons, consistent with estimates from observations of lightning [48] and TGF
simulations [51, 70].
4.1 Supplementary Material
4.1.1 Uchinada TGF Model
For the simulations of our instrument response to a TGF, we used as input gamma-
rays with an energy distribution according to f (ε) ∼ exp(−ε/ε0)/E with ε0 = 6.5 MeV and
gamma-ray energies extending up to 40 MeV. This is an accurate representation of the elec-
tron bremsstrahlung spectrum resulting from a TGF electron avalanche with energy distribution
fe−(ε)∼ exp(−ε/ε0)/E with ε0 = 7.3 MeV.
The TGF gamma-rays were input from a point source with a 15.3 degree half-angle
Gaussian beam shape from [69].
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4.1.2 GEANT4 Simulations
It is important to account for the production of thermal neutrons at the boundary layer
where fast neutrons produced in the atmosphere are captured in the ground and allowed to
thermalize. We demonstrate our technique and the importance of ground thermalization below.
Figure 4.5 shows distributions of the kinetic energy and arrival times for TGF neu-
trons and their secondaries that have arrived at the ground, produced between 0 to 80 m by a
downward beam of TGF gamma-rays at 1.5 km, for cases where photoneutron thermalization
in the ground has, and has not been modeled. Figure 4.5 (left) shows the particle distribution
for simulations considering only thermalization in the air. Figure 4.5(right) shows the particle
distribution for simulations considering both thermalization in the air and in the ground.
In the simulation that produced the left distribution in figure 4.5, any particle incident
on the ground is recorded and then removed from the simulation, which is typically how the
spectra from neutron flash simulations are reported. This distribution shows 3 main features.
The main falling diagonal feature, which falls roughly on the line KE = 1/2mn(z/t)2,
where mn is the neutron mass and z is the production altitude of the photoneutron, corresponds
to the arrival time for a neutron with energy KE to travel to the ground from its point of produc-
tion.
The broad horizontal band above 104 eV corresponds to gamma-rays produced by
neutron capture reactions. The two spectral features evident for t > 10 ms correspond to 10.829
MeV and 5.269 MeV prompt gamma-ray emissions from the neutron capture on nitrogen ac-
cording to the reaction 14N(n,γ)13N.
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Figure 4.5: Difference in distribution of photoneutrons and secondaries produced at the ground
by a downward beam of gamma-rays from a TGF at 1.5 km, without ground thermalization
(left) and with (right).
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The sparse feature broadly outlining the lower left corner of the plot are photoneutrons
created in the ground by TGF gamma-rays and thermalized to low energies before emerging to
the surface, and are the only population of ground-thermalized neutrons produced for this type
of simulation.
In the simulation that produced the right distribution in 4.5, instead of removing par-
ticles from the simulation once they reach the ground, we record particles that pass through the
top or bottom surface of a collection slab on the ground with a height that is characteristic of
our detector size (in this case 1 m), and allow the particle to continue in the simulation. In this
way we allow the possibility of ground reflections; neutrons or other particles that thermalize
in the ground and emerge at a later time with a lower energy. In this simulation scheme, sin-
gle particles can potentially be recorded many times, as in the case that a high energy neutron
goes through the collection volume (recorded once as it enters from the top), thermalizes in the
ground, emerges at a later time (recorded again as it enters through the bottom), and potentially
randomly walking through either surface and recorded many additional times. We do not cor-
rect for this over-counting, and argue that this is a physically correct and necessary method for
including ground-thermalization effects, since each time a thermalized particle moves through
the collection slab, it is another opportunity to interact in the stage 3 detector volume; that is, a
single particle thermalizing through the collection surface 10 times is equivalent to 10 particles
entering the stage 3 collection volume once.
The effect of including ground-thermalization processes can be seen in figure 4.5.
Compared to the distribution excluding ground thermalization, including ground thermaliza-
tion increases the total number of neutrons that can interact with the instrument by a factor
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of approximately six, and produces a population of thermal neutrons sooner, and for a longer
duration than when ground-thermalization is ignored.
4.1.3 Uchinada Neutron Flash Source Altitude
X-band radar data was obtained for this event and the reflectivity profile was generated
at the location of the Uchinada wind turbine (figure 4.6).
This meteorological profile is consistent with typical Japanese winter thunderstorms
(compare figure 1.2).
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Figure 4.6: Radar reflecvitiy profile of neutron flash producing thunderstorm during 2015-12-
03/2020 UTC at location of Uchinada wind turbine (black star). Data courtesy of the Data
Integration and Analysis System (DIAS) office maintained by the Earth Observation Data Inte-
gration and Fusion Research Initiative (EDITORIA) at the University of Tokyo.
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Chapter 5
Conclusion
The majority of TGFs observed so far have been observed from satellites. We have
reported on two observations of energetic lightning emissions from TGFs from the air and from
the ground; a downward beam of positrons inferred from the gamma-ray spectrum observed
aboard an aircraft in the eyewall of Hurricane Patricia and the associated radio waveform char-
acteristics of the coincident lightning, and a flash of thermal neutrons inferred from the spectral
and temporal signature of counts observed from the ground below a wind turbine in Japan and
the associated electric field mill and high speed camera data of the lightning. Comparison
of these emissions with simulations show that they are consistent with a TGF production of
∼ 1015−1018 gamma-rays, which is typical of TGFs observed by satellites.
It has been shown that neutron flashes from TGF photoneutron production exist, and
that neutron observations are possible from gamma-ray spectroscopy offering a new and unique
method of observing TGF brightness. Additionally, there is evidence that TGFs produce down-
ward beams of positrons which may provide novel ways of investigating TGFs in the future.
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Updates to this work will be maintained at www.godot.jp/thesis.
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Appendix A
Deriving TGF Brightness, and Notes on
Multistage Monte-Carlo Simulations
A.1 Simulation Ratio
The brightness of a TGF is defined to be either the number of bremsstrahlung gamma-
rays it produced, or the number of RREA electrons that produced them. This brightness, de-
noted by NTGF, can be inferred from the combination of an observation of some number of
events produced by the TGF in a nearby detector, NDet, and a model that simulates the propa-
gation of a TGF through the environment and the resulting events produced in the detector.
A Monte Carlo simulation tracks the particle interactions that occur inside a mass
model of a system when a single particle passes through it from a specified starting state and
reports the particles effect on the system, for example the energy deposited or the creation of
new particles.
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From a Monte Carlo simulation that takes in Nin particles that are representative of
a TGF, propagates them through a mass model representative of the environment during an
observation, and outputs the number of events produced in a model of the detector Nout, one can
define a simulation ratio R,
R≡ Nin
Nout
(A.1)
Knowing the simulation ratio, R, associated with a given observation, NDet, one can
infer the TGF brightness from
NTGF = RNDet (A.2)
In a multistage Monte Carlo simulation we break the simulation model up into mul-
tiple stages, for purposes of computational economy, where the output of one stage is collected
and passed to the input of the next stage in such a way that there is an effective multiplication
of the number of particles being simulated.
When the output geometry of one stage differs from the input geometry of the fol-
lowing stage a conversion factor, S, must be applied that accounts for the conversion between
geometries. The simulation ratio for a multi-stage simulation consisting of n total stages has the
form
R≡ N1,in
N1,out
N2,in
N2,out
...
Nn,in
Nn,out
S2,in1,out...S
n,in
n−1,out =
N1,in
Nn,out
(A.3)
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where the conversion factors are defined by the relation
Ni,out ≡ Si+1,ini,out Ni+1,in (A.4)
and can be derived analytically. By convention, Si,outi+1,in ≡ (Si+1,ini,out )−1.
A.2 Conversion Factor S2,in1,out
The conversion factor S2,in1,out is a function only of the geometry of the stage 1 output
and stage 2 input surfaces. We can derive a general expression for this conversion factor by
considering the mapping of flux from the stage 1 output collection surface to the stage 2 input
surface.
Let the differential flux in solid angle Ω be denoted by f (Ω). The flux observed along
a look direction kˆ within a solid angle cone dΩ around the look direction is given by
f (Ω)kˆdΩ= counts cm−2 s−1 sr−1 (A.5)
The differential number of counts for a fixed look direction and solid angle that is
acquired by a surface dAi with surface normal nˆi over some interval dt is given by
dNi = f (Ω)dΩ|kˆ ·dAi|dt (A.6)
Since the differential flux collected in the stage 1 output must be the same differential
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flux used in the stage 2 input, we can equate the fluxes dNi/|kˆ ·dAi| incident upon each surface
to acquire the flux equality relation
dN1,out =
R
dA1,outR
dA2,in
|kˆ · nˆ1,out|
|kˆ · nˆ2,in|
dN2,in (A.7)
The conversion factor S2,in1,out is determined by integrating A.7 over all particles and
comparing to A.4.
A.2.1 Example - Conversion Factor for Mapping Planar Flux onto the Surface
of a Sphere
Consider a two stage simulation where stage 1 out particles are collected on a planar
annulus, and the stage 2 input particles, consisting of a sampling of the stage 1 out particles, are
input onto the surface of a sphere.
For the stage 1 planar annulus, with ri > r > ri−1 and surface normal along the zˆ
direction, for a particle with incidence angle θ we have
Z
dA1,out|kˆ · nˆ1,out|= pi(r2i − r2i−1)|cosθ| (A.8)
where we’ve used the fact that kˆ = (sinθcosφ,sinθsinφ,cosθ) and nˆ1,out = zˆ= (0,0,1).
For the stage 2 input sphere with radius R, it can be shown that
Z
dA2,in|kˆ · nˆ2,in|= piR2 (A.9)
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Requiring flux equality between the stage 1 output surface and the stage 2 input sur-
face gives us the relation
dN1,out =
pi(r2i − r2i−1)
piR2
|cosθ|dN2,in (A.10)
Integrating each side over all particles gives
N1,out =
pi(r2i − r2i−1)
piR2
〈|cosθ2,in|〉N2,in (A.11)
where we define 〈|cosθ2,in|〉 to be the arithmetic mean over the incident angle of stage 2 input
particles
〈|cosθ2,in|〉 ≡ 1N2,in
Z
|cosθ|dN2,in (A.12)
Interestingly, we can start with the slightly rearranged form of the flux equality rela-
tion below
1
|cosθ|dN1,out =
pi(r2i − r2i−1)
piR2
dN2,in (A.13)
Integrating over all particles now gives
N1,out =
pi(r2i − r2i−1)
piR2
〈|cosθ1,out|〉−1H N2,in (A.14)
where we define 〈|cosθ1,out|〉H to be the harmonic mean over the incident angle of stage 1 output
particles
56
〈|cosθ1,out|〉H ≡ 1N1,out
Z 1
|cosθ|dN1,out (A.15)
Comparing A.11 and A.14 to A.4 gives us the conversion factor
S2,in1,out =
pi(r2i − r2i−1)
piR2
〈|cosθ2,in|〉=
pi(r2i − r2i−1)
piR2
〈|cosθ1,out|〉−1H (A.16)
A.2.1.1 Stage 2 input weighted sampling
In addition to the factor of cosθ introduced in the conversion factor discussed above,
the mismatch in the stage 1 particle collection geometry (planer) and the stage 2 input geometry
(spherical) requires that particles input into stage 2 are sampled according to a distribution
weighted by the stage 1 particle incidence angles, namely 1/cosθ.
A uniform sampling of stage 1 particles that are vertically incident on the stage 1
collection area preserves the flux between stages, however, uniform sampling does not preserve
the flux for oblique stage 1 particles. To see this, consider figure A.1.
A.2.1.2 Stage 2 input weighted sampling and normalization verification
It is useful to have a test that demonstrates that the transformation from the planer
stage 1 collection to the spherical stage 2 input does not alter the stage 1 output flux and that
the normalization is being done correctly.
To verify that the stage 1 to stage 2 transformation is being done correctly, a 2 stage
simulation is performed in which stage 1 output particles are input randomly onto the surface of
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Figure A.1: Stage 1 output to stage 2 input weighting correction. Left Collecting 4 particles
over a unit area incident at 0◦, and one particle incident over the same area at 75.6◦, we collect
a total of 5 stage 1 particles (solid arrows). Right Using uniform sampling to select from these
5 particles to input into our stage 2 input surface, we erroneously sample the vertical incident
particles 4 times more frequently than the oblique particle (solid arrows), when they both should
be sampled equally since the incident flux on the cross section of the stage 2 input sphere is the
same (solid + dashed arrows). To preserve flux we weight the particle sampling by 1/cosθ.
Then the oblique particle carries a weight of 4, and the oblique particle is correctly sampled as
often as the vertical incident particles.
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an empty stage 2 input sphere and collected on a spherical disk in the center. The flux collected
on the stage 1 output surface should be identical to the flux collected on the stage 2 output
surface. We describe a verification procedure below.
In stage 1, N1,in particles are input into a mass model of an atmosphere at an altitude
z and the resulting flux is collected on a horizontal plane at z0. The energy and incident angles
of the N1,out particles collected within the annulus centered on the input nadir between radius
R− r2 < r < R+ r2, where R is a nominal distance from the nadir and r2 is the radius of the
stage 2 input sphere, are recorded.
In stage 2, the N1,out stage 1 output particles collected at radius R are sampled N2,in
times with the sampling of each particle weighted by the inverse of the cosine of its stage 1
output incident angle and input randomly onto the surface of a sphere of radius r2. The energy
and incident angles of the N2,out particles collected on the horizontal plane inside the stage 2
sphere are recorded.
The stage 2 planer collection disk, fixed in the horizontal plane (with area A2 = pir22),
serves as the detector. If placed in our stage 1 simulation, the detector is expected to col-
lect NDet = N1,out/A1 ∗ A2 particles. Using A.24, with NTGF = N1,in, a first verification is
that N2,in/N2,out ∗ 〈|cosθ2,in|〉 should equal 1. A second verification is that the particle en-
ergy and incident angle distributions collected in stage 2 should be the same distributions col-
lected in stage 1. The stage 2 distributions can be normalized by dividing by N2,out/N1,out =
N1,in/N1,out ∗ 〈|cosθ2,in|〉 for comparison.
For this work, code verification was done using N1,in = 2× 108 particles input ac-
cording to a TGF distribution into a mass model of an atmosphere at 1.5 km and collecting all
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particles incident on the ground. A stage 1 output to stage 2 input transformation was performed
by sampling a total of N2,in = 106 particles from the flux collected at R= 700m and R= 250m
and inputting them randomly onto the surface of a 10m sphere in stage 2 and collecting the
particles on the enclosed equatorial disk. In each case, N2,in/N2,out ∗ 〈|cosθ〉2,in|〉 was found to
be equal to 1 to within less than 0.05%, and a comparison of the energy and angle distributions
was shown to be identical. Lack of weighted sampling at the stage 2 input was found to harden
the stage 1 output distribution, as lower energy stage 1 output particles are more likely to have
more horizontal incidence from multiple scatterings (figure A.2, A.3).
So that largely horizontal stage 1 output particles do not dominate stage 2 input
sampling from the 1/cosθ weighting, a threshold is set so that the weight of particles with
1/cosθ> 20 is set to 20.
Given some NDet, we give examples of Monte Carlo simulation methods and discuss
how to derive from them a simulation response R to infer NTGF.
A.3 Example - Simulation of an Airborne Observation of a TGF
Consider the problem of inferring the total number of photons, NTGF, produced by
a TGF (with known spectrum) at some altitude, zTGF, from an observation of some number
counts, NDetector, recorded by a scintillator inside an airplane under the TGF at some altitude,
zplane.
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Figure A.2: Verification of stage 1 output to stage 2 input transformation. Comparison of energy
distribution for stage 1 output particles collected on a plane (black), to stage 2 output particles
collected on the equatorial disk of a sphere where stage 1 output particles were appropriately
weighted (green) or not (red) and input randomly through the surface.
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Figure A.3: Verification of stage 1 output to stage 2 input transformation. Comparison of
incident angle distribution for stage 1 output particles collected on a plane (black), to stage 2
output particles collected on the equatorial disk of a sphere where stage 1 output particles were
appropriately weighted (green) or not (red) and input randomly through the surface.
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A.3.1 Single-stage Simulation
For a one stage simulation, we launch particles with energies distributed according to
a TGF spectrum into the top of a mass model of the atmosphere at z = zTGF, let them scatter
through the atmosphere down to the location of our instrument at z = zplane, and record the
energy deposited in the detectors contained in the mass model of our instrument (see figure
A.4). Although straightforward, this scheme is very inefficient as will be discussed below.
Consider the case where zTGF = 10 km and zplane = 2.5 km. Assume the mass model
of the instrument has a cross-sectional area Ainstrument ∼ 100cm2. If the input is an isotropic
point-source of gamma-rays distributed according to the RREA spectra f (ε)∼ exp(−ε/ε0)/ε,
the input will be attenuated at the plane’s altitude due to 1/r2 attenuation and atmospheric
absorption. For N1,in gamma-rays input, a back-of-the-envelope calculation for the expected
number of simulated detector hits, N1,out , is
N1,out ≈ FplaneAinstrument (A.17)
≈
N1,in exp
[
−
(
µ
ρ
)Z zTGF
zplane
ρdz
]
4pi(zplane− zTGF)2 Ainstrument (A.18)
Where Fplane is the gamma-ray flux at the plane, (µ/ρ) is the mass attenuation coeffi-
cient, and
R zTGF
zplaneρdz≡ x is the mass thickness through the atmosphere.
The mass attenuation coefficient through air for the average gamma-ray energy in the
input spectrum, 〈E〉 = E0 = 7.3 MeV is ≈ 2.3× 10−2cm2/g, and the integrated atmospheric
density between the TGF and airplane is x ≈ 490g/cm2. Then the expected number of input
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Figure A.4: Single-stage simulation scheme of an airborne observation of a TGF. N1,in Gamma-
rays are released at the TGF production altitude zTGF with energies distributed according to a
TGF gamma-ray spectrum. These particles are allowed to propagate and scatter through a mass
model of the atmosphere down to a mass model of the airplane at zAirplane, containing a mass
model of the instrument. Particles that deposit energy into the mass model of the detector are
recorded and the total number of simulated counts N1,out is determined.
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photons needed to simulate 1 particle that will interact with the mass model of our detector is
N1,in
N1,out
≈ 1015 (A.19)
For a desktop computer running a single threaded version of GEANT4 in 2017, it
takes approximately 1 day to run 109 input photons into the single-stage simulation described
above.
Assuming the number of detector hits occurs according to a Poisson distribution,
the variance in the observed number of counts goes as Ndetector, and the uncertainty in our
measurement, or standard deviation, goes as
√
Ndetector
We will say the result of our simulation has ”good statistics” if the uncertainty in our
simulated counts is less than 1%, or if
√
N1,out/N1,out < 0.01 implying that N1,out ∼ 104. From
our calculation above this would require 1019 input photons into our simulation which would
take on the order of a billion days to simulate on a single threaded desktop computer in 2017.
A.3.2 Two-stage Simulation
Looking at figure A.4, one of the obvious inefficiencies in this scheme is that the
majority of the input photons that propagate down to the airplane altitude away from the mass
model of the instrument are not used because they do not interact with the detectors.
A solution is to run the simulation in two stages: in the first stage, TGF gamma-
rays are input into the top of the atmosphere and the radiation field of all particles that arrive
at the airplane altitude are recorded; in the second stage, the radiation field collected within a
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radial annulus at the airplane altitude centered around the nadir angle of the TGF is input onto
the surface of a sphere centered around a mass model of the instrument and the particles that
deposit energy in the detector models are recorded.
The details and assumptions of these two stages will be discussed below.
A.3.2.1 Stage 1 of two-stage simulation
In the single stage simulation scheme, the number of incident particles that can inter-
act with the mass model of our instrument, n, is determined by the product of the flux at the
aircraft over the area of the instrument, Ainstrument
n= F(zplane,rplane)Ainstrument ∼ N1,in4pi∆z2Ainstrument (A.20)
Where F is the flux at the plane’s location, given in cylindrical coordinates by z =
zplane,r = rplane, where r is the distance from the point directly below the TGF input, and ∆z =
(zTGF− zplane) (see figure A.5).
In stage 1 of the two-stage simulation scheme, we are collecting all the particles
incident upon a given annulus at the airplanes altitude that are azimuthally symmetric about the
TGF source location. We use a full atmospheric simulation that records both downward going
particles incident on the collection area from above as well as upward going particles back-
scattered from lower altitudes. All of these particles will be given a chance to interact with the
mass model of our instrument in Stage 2, giving us
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Figure A.5: Stage 1 of two-stage simulation scheme of an airborne observation of a TGF. N1,in
TGF Gamma-rays are released at the TGF production altitude and all N1,out particles incident
upon a given radial annulus at the airplane altitude are collected.
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n=
Z
annulus
F(zplane,r)dA∼ N1,in4pi∆z2pi(r
2
i+1− r2i ) (A.21)
where ri+1 < rplane < ri. An assumption of this scheme is that the flux of particles
over the entire annulus is representative of the local flux of particles at the airplane. While the
radiation field seen by the aircraft will depend on the location and orientation of the instrument
relative to the location of the TGF, this information is not typically known, and taking the
radiation field over the entire annulus will give us an average over airplane orientations, which
is desirable.
A.3.2.2 Stage 2 of two-stage simulation
In stage 2 we input the radiation field captured in stage 1 into a mass model of the
instrument and detectors. To do this, we sample N2,in of the particles collected within a given
annulus from stage 1 (having collected their energy and direction of travel) and input a weighted
distribution of them randomly onto the surface of a fictitious sphere centered around a mass
model of our detector (see figure A.6).
By iterating over annuli that cover the altitude of the airplane, we are using all of the
particles produced in our simulation as opposed to only a small fraction of particles produced
at a single location as in the single-stage simulation.
In concentrating all of the particles within a given annulus of area A1,out onto the
surface of a sphere with cross sectional area A2,in, we introduce a scaling factor for each particle,
being the ratio of the effective output and input surface areas
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Figure A.6: Stage 2 of two-stage simulation scheme of an airborne observation of a TGF. (Top)
N2,in particles collected within a given radial annulus at the aircraft altitude are input onto the
surface of a sphere centered around a mass model of the instrument. (Bottom) particles that
deposit energy within a given detector volume are recorded, and the simulated number of counts
N2,out are determined.
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A1,out
A2,in
cosθ (A.22)
If we denote η2,in as a single particle input into stage 2, and ηeffective2,in as the effective
number of particles being simulated, the scaling factor implies that the effective number of
particles being simulated from a single input particle (with some incident angle θ) to be
ηeffective2,in =
A1,out
A2,in
cos(θ)η2,in (A.23)
In words, this relation says that for each single particle η2,in we are inputting into the
surface of our stage 2 input sphere, we are effectively simulating ηeffective2,in  η2,in particles from
our TGF. Intuitively, if we imagine that the radiation field produced by our TGF is uniform over
the annulus, each particle incident over the small area subtended by our instrument must be one
of many particles incident over the entire annulus.
The factor of cosθ takes into account the mismatch in the geometry of our stage 1
collection surface (being flat) and our stage 2 input surface (being spherical), where θ is the
incident angle (with respect to the normal of the stage 1 collection surface) of the particle input
into stage 2. This factor can be thought of as a necessary flux correction: a flat surface with area
A collecting a particle with incident angle θ corresponds to an equivalent collection area on the
surface of a sphere of A/cosθ.
Using A.2, A.3, A.16 and the results of our 2 stage simulation, we can infer the TGF
brightness from the number of counts we observed, NDet, by
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NTGF =
N1,in
N1,out
N2,in
N2,out
A1,out
A2,in
〈|cosθ2,in|〉NDet (A.24)
For an annulus with an area of 1010 cm2, the expected number of input photons nec-
essary to produce 1 particle that will interact with the mass model of our instrument is
N1,in
N1,out
≈ 107 (A.25)
which can be simulated in a reasonable amount of time in 2017 on a single threaded computer
as compared to the single-stage scheme.
A.4 Example - Simulation of a Ground Observation of Photoneu-
tron Production from a TGF
Consider the problem of inferring the total number of photons, NTGF , produced by
a TGF (with known spectrum) at a given altitude, zTGF , from an observation of the thermal
neutron interactions recorded by a detector on the ground under the TGF. It is assumed the
thermal neutrons are from the photoneutron reactions (γ,n) between the TGF gammas and air
molecules.
A.4.1 Three-stage Simulation
In the previous example, we broke apart our simulation into two stages: the first stage
simulated the resulting particle flux over a given altitude below a TGF; the second stage simu-
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lated the instrument response, using the simulated flux within a large azimuthually symmetric
annulus to approximate the localized flux at the instrument.
For stage 1 of this problem, we are trying to simulate the particle flux over a given
altitude resulting only from the TGF photoneutrons and their secondaries. Lacking knowledge
of the TGF photoneutron spectrum, we directly simulate photonuclear production by inputting
gamma-rays according to the canonical TGF spectrum f (ε) ∼ exp(−ε/ε0)/ε. Previously, we
input gamma-rays from 1-40 MeV. However, photonuclear production has a threshold energy
>10 MeV for Nitrogen and Oxygen, the major molecular constituents of the atmosphere we are
modeling (figure A.7).
To economize simulation time, we input TGF gammas from 10-40 MeV, and then
scale the actual number of TGF gammas we input to the ’effective’ number of TGF gammas
from 1-40 MeV by the ratio of the integrated distribution f (ε) over the range of input and
effective energies, which we call the integral spectra correction factor given by
R 40MeV
1MeV f (ε)R 40MeV
10MeV f (ε)
(A.26)
Even with this economization, we still generate a much larger flux of non-photonuclear
particles than photoneutrons, and so we break the first stage up into two stages: in stage 1 we
input TGF gammas and capture all the photoneutrons produced at the instant they are created;
in stage 2 we input each photoneutron from stage 1 1000 times and capture the resulting flux
at the ground. In stage 3 we sample the flux collected at the ground within some annulus and
input that onto a sphere surrounding a mass model of our instrument.
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Figure A.7: ENDF/JENDL-3.3 Photonuclear Cross-sections for 14N and 18O from National
Nuclear Data Center used in GEANT4
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A.4.1.1 Stage 1 of three stage simulation
In stage 1 a beam of N1,in total TGF-gammas from 10-40 MeV is input into a model
atmosphere, and a total of N1,out photoneutrons are captured at the instant they are produced,
recording each photoneutrons initial energy, momentum vector, flight time, and location (figure
A.8). After a photoneutron is produced and recorded, it is removed from the simulation and not
allowed to propagate further or produce secondaries.
A.4.1.2 Stage 2 of three stage simulation
Each photoneutron captured in stage 1 is now input 1000 times into the atmosphere
at their position of creation and they are allowed to propagate and produce secondaries down
to the ground (figure A.9). By simulating each photoneutron an additional 1000 times, we
boost the effective number of input gammas we are simulating by the same factor, and N2,in =
1000×N1,out. Since there is no change in the geometry going from stage 1 to stage 2, the
conversion factor due to geometrical changes is unity so that S2,in1,out = 1,
A.4.2 Ground Thermalization
It is important to consider ground thermalization, where neutrons or other particles
thermalize in the ground and emerge at a later time with a lower energy. To account for this,
our output collection scheme is to define a 1 m tall slab above the ground and record any
particle (and its energy, arrival time, and location) that enters its upper or lower boundary.
This means that single particles can potentially be recorded many times, as in the case that a
high energy neutron goes through the collection volume (recorded once as it enteres from the
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Figure A.8: Stage 1 of three stage simulation. TGFs gammas are input at a given altitude, and
each photoneutron (green) is recorded at the instant it is created by a photonuclear reaction with
a gamma (red) and a particle in the atmosphere. Here we are showing 581 initial trajectories for
photoneutrons produced from 106 input gammas.
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Figure A.9: Stage 2 of three stage simulation. The photoneutrons captured in stage 1 are input
1000 times at their position of creation into the model atmosphere and allowed to propagate to
the ground. Here we show the tracks of a single stage 1 neutron (green) being simulated 10
times. Yellow points show electron interactions, red are gamma-rays.
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top), thermalizes in the ground, emerges at a later time (recorded again as it enters through the
bottom), and potentially randomly walking through either surface and recorded many additional
times. We do not correct for this over-counting, and argue that this is the physically correct way
to count, as each time a particle moves through the collection slab, it is another opportunity to
interact in the stage 2 detector volume. That is, a single particle entering the collection surface
10 times is equivalent to 10 particles entering the stage 2 detector volume once.
A.4.2.1 Stage 3 of three stage simulation
In stage 3 we input N3,in particles from the flux collected in stage 2 onto the surface
of a sphere surrounding a mass model of our instrument (figure A.10) and record the N3,out
interactions in the detector volumes. We use the conversion factor and weighted input sampling
as discussed previously, and the inferred number of TGF gammas from the counts we observed
NDet is given by
NTGF =
R 40MeV
1MeV f (ε)R 40MeV
10MeV f (ε)
×1000× N1,in
N2,out
N3,in
N3,out
A2,out
A3,in
〈|cosθ3,in|〉NDetector (A.27)
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Figure A.10: Stage 3 of three stage simulation. The ground flux collected in stage 2 is input on
a spherical surface around a mass model of GODOT.
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Appendix B
Scintillation Detector Basics
B.1 Instrument
A scintillation detector is an instrument used to measure the presence and energy
of ionizing radiation, consisting of a scintillation material coupled to a photomultiplier tube
(PMT). When an energetic particle (gamma-ray, electron, etc) deposits energy in the scintillator,
an amount of scintillation light is released proportional to the energy deposited. Light that is
incident on the face of the PMT releases photoelectrons that are accelerated by an electric
field into a chain of high voltage dynodes that multiplies the photoelectrons through secondary
emission and produces a analog current signal at the anode, with a fast rise time, and slower
decay (figure B.1). The gain of the photomultiplier is controlled by the high voltage applied
across the dynodes (typically ∼ −1000V) and determines the amplitude of the anode pulse.
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Figure B.1: Basic scintillation detector. A particle of ionizing radiation (1) deposits energy
inside a light-shielded scintillator releasing a flash of scintillation light (2). The scintillation
light incident on the photomultiplier tube releases photoelectrons (3) that are accelerated and
multiplied down a dynode chain (4) which produces an analog current signal at the anode (5).
B.2 Pulse Height Calibration using an Oscilloscope with a Radioac-
tive Source
To determine the correspondence between the analog pulse height out of the scintilla-
tion detector anode and the energy deposited in the scintillator, one can use a radioactive source
that emits ionizing particles at a well defined energy and look at the detector output pulses on
an oscilloscope. Typically, Cs137 is used as the radioactive source since it has a strong, narrow
gamma-ray emission at ∼ 662 keV (figure B.2).
When looking at the output of a detector near an active source and trying to identify
the photopeak (the pulse of maximum gamma-ray energy deposition), it is difficult to trigger on
the photopeak pulse-height precisely as there will be a continuum of pulse-heights below (from
partial deposition) and above (from background radiation, cosmic rays, and source pileup).
Instead, one triggers on a pulse-height above the photopeak and captures persitent traces on a
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Figure B.2: Decay Scheme for Cs137 from www.nndc.bnl.gov NuDat 2.6. Cs137 decays via beta
decay with a 661.7 keV gamma-ray making up 85% of x-ray and gamma-ray emissions.
large enough timescale that one can see the ’forest of photopeaks’ around the trigger (figure
B.3). The predominant top of this photopeak forest is taken to be the pulse-height of the source
energy.
B.3 MCA Channel Calibration using Background Data and Natu-
rally Occurring Radioactive Sources in the Atmosphere
If collecting scintillator data using a multichannel analyser (MCA), what is reported
for a given pulse will be a channel number corresponding to either a pulse-height or integrated
pulse area. One can make a correspondence between a given channel number and the energy de-
posited in the scintillator by generating spectra over an interval of time near a source with a well
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Figure B.3: Persistent oscilloscope trace of the output of a 5x5” NaI(Tl) scintillation detector
near a Cs137 source. The trigger threshold is set above the 662 keV pulse-height. Surrounding
the triggered pulses are the forest of 662 keV photopeak pulses. Using the cursors (a, b), the
662 keV pulseheight is found to be ∼ 82 mV (lower left).
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Figure B.4: Decay Scheme for K40 and Tl208 (abbreviated) from www.nndc.bnl.gov NuDat 2.6.
K40 emits a 1.46 MeV gamma-ray, and Tl208, a daughter of Thorium, emits strongly at 2.614
MeV
defined energy. If a lab source, such as Cs137 is unavailable, then one can use the radioactive
background emissions from K40 and Tl208 (figure B.4).
For high Z scintillators that have a high cross section for gamma-ray absorption, the
MCA channels can be calibrated to the prominent background photopeaks (B.5 Top).
For the plastic detectors, because they are composed of low Z (atomic number) ma-
terial, the cross section for gamma-ray interactions is much less than for electron interactions,
and consequently the dominant spectral feature are not photopeaks (corresponding to the full
gamma-ray energy) but a range of energies from electrons created by gamma-rays that have
Compton scattered in the detector and escaped. These Compton continua are broad and rela-
tively featureless (B.5 Bottom). Instead of trying to identify a feature in the continuum cor-
responding to a particular energy (e.g. the Compton edge of the 1.46 MeV gamma-ray), we
simulate the detector response to each emission and convolve these with a gaussian resolution
function to get the detector’s spectral response for each emission. The total spectral response
is then determined by a best fit weighted sum of the individual spectral responses. The ADC
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channels from the background data are then calibrated so that the observed spectra match the
modeled spectra.
For the simulated response we model the large and small plastic detector’s as cylindri-
cal volumes in GEANT4 composed of G4 PLASTIC SC VINYLTOLUENE, and then record
the energy deposited in the detector volume for an isotropic input of a given gamma-ray (figure
B.6).
The simulated detector response for a ø5”x5” NaI(Tl) and plastic are shown in figure
B.7.
Each detector response, D(ε) for the 1.46 and 2.614 MeV gamma-ray is convolved
with a Gaussian resolution function given by
G(ε) =
1
Γ(ε)
exp
( −ε2
2Γ(ε)2
)
(B.1)
where Γ(ε) is the energy resolution function
Γ(ε) = a+b× ε1/2 (B.2)
to get the spectral response
S(ε) = G(ε)∗D(ε) (B.3)
The total spectral response, Stot(ε), is given as the weighted sum of the individual
spectral responses,
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Figure B.5: (Top) 24 hour background spectra collected by a ø5”x5” NaI(Tl) scintillation de-
tector. The 1.46 and 2.614 MeV photopeaks from naturally occurring K40 and Tl208 are evident
at ADC Channel 1552 and 2768. (Bottom) 24 hour background spectra collected by a ø5”x5”
plastic scintillation detector. Because plastic is composed of organic molecules with low atomic
Z number, which are not efficient at stopping x-rays and gamma-rays, the photopeaks are not
evident. The large bumps at ADC Channels 912 and 1856 correspond to Compton backscatter
features, electrons from from the background K40 and Tl208 gamma-ray emissions that have
Compton scattered in the detector volume.
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Figure B.6: (Left) GEANT4 model of a ø5”x5” sctintillator volume. (Right) Geant4 simulation
of 1000 gamma-rays input isotropically on the surface of sphere surrounding the mass model of
the detector.
Stot(ε) = S1.46MeV(ε)+W1S2.614MeV(ε)+W2SC(ε) (B.4)
Where SC(ε) is the spectral response from an arbitrary continuum DC(ε) from back-
ground sources other than K40 and Tl108 up to 2.614 MeV (the highest gamma-ray emission
from natural background sources excluding cosmic rays) and modeled as
DC(ε) = exp(−ε/ε0)− exp(−2.614MeV/ε0) (B.5)
The MCA channel number, Nch, is assumed to be proportional to the measured energy
by a multiplicative constant, g, given by
86
Figure B.7: Simulated response of ø5”x5” NaI(Tl) (Top) and ø5”x5” plastic (Bottom) scintil-
lator volume to 1.46 MeV (red) and 2.614 MeV (black) gamma-rays using GEANT4. Strong
photopeak absorption is seen in NaI(Tl) compared to plastic.
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Figure B.8: Background spectra (black) compared to modeled spectra (green) based on the
detectors simulated response to gamma-ray emissions from K40, Tl208 plus an arbitrary contin-
uum from other natural background sources up to 2.614 MeV. The blue vertical lines show the
photopeak energies for 1.45 and 2.614 MeV.
Ech = gNch (B.6)
The parameters, a, b, W1, W1, ε0, g, and an overall normalization are adjusted until
the model agrees with the data, and g is taken to be the calibration.
An example of this fitting is shown for a large plastic detector using background data
from 12/03/2015 (figure B.8).
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Appendix C
Airborne Detector for Energetic Lightning
Emissions Mark 2 (ADELE II)
C.1 Instrument Overview
The Airborne Detection of Energetic Lightning Emissions (ADELE) instrument con-
sists of 3 scintillation detectors (see figure C.1).
The detectors are St. Gobain scintillators encapsulated with and mounted to a pho-
tomultiplier tube (PMT) inside a MuMTEAL shielded housing. The 3 scintillators are a 1x1”
small plastic scintillator, a 5x5” large plastic scintillator, and a 3x3” BrilLanCe™Lanthanum
Bromide LaBr3(Ce) crystal.
Each plastic detector PMT is powered by an EMCO CA12N-5 High Voltage Power
Supply (HVPS) that can source up to 0.8mA at 1250V and requires 5VDC to operate. The
LaBr3(Ce) detector is powered using an Ortec 296 ScinitiPack Photomultiplier Base.
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Figure C.1: ADELE mark II schematic. See C.3-C.6 for detailed photos of instrument and
components.
Each detector is connected to custom discriminator boards that split the input into
4 channels that are converted to an LVDS threshold. Each channel is initially passed through
a clamping amplifier and inverter. The two channels corresponding to the lowest threshold
undergo an additional stage of x10 amplification. Each channel is input into a discriminator
circuit that converts the pulse into a 5V ’time-above-threshold’ LVDS signal (figure C.2 A).
The LVDS threshold signals are sent over twisted pair in a shielded Ethernet cable to
a Virtex 6 ML605 development board FPGA where the number of counts (rising LVDS edges)
and dead time counts (number of LVDS samples high) per 50µs are recorded into 1 second
packets and sent over Ethernet to a single board computer where the data packets are written to
external SSDs.
The FPGA clock is conditioned by the Pulse Per Second (PPS) from a Garmin 15xH
GPS OEM module, and has an absolute timing accuracy of 50 µs.
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Figure C.2: ADELE Signal Path. A). The PMT pulse from a scintillator detector is sent into a
discriminator board where the PMT pulse is split into 4 channels where each channel is com-
pared to a channel threshold (V1,V2,V3,V4) and converted into a 5V ’time-above-threshold’
LVDS signal. B). The 5V LVDS signal is digitized at 200MHz by the FPGA (LVDS signal
sampled at 5ns intervals shown by ’*’) and within a 50 µs interval, the number of counts or
transitions from low to high, and the dead time (DT) or time-above-threshold are recorded.
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Figure C.3: Isometric view of ADELE mark II with top cover removed. The instrument is
divided into two components, the electronics tray (top) and the detectors (bottom). The LaBr3
detector is seen from the side wrapped in foam and tied to a fire-extinguisher holder.
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Figure C.4: Top side of ADELE electronics tray. (Upper left), Xilinx Virtex 6 FPGA with FMC
XM105 Debug card reading in LVDS channels from discriminator boards (underneath). (Lower
left), Dual SATA SSD harddrive enclosure next to GPS 15xWH timing unit providing PPS to
FPGA. (Right) power distribution board taking in 28 V for electronics power supplies.
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Figure C.5: Bottom side of ADELE electronics tray. (Upper left corner) Measurement Com-
puting USB-3105 16 channel analog voltage output device controlling the high voltage power
supplies of the 3 scintillator detectors. (Lower left corner) two EMCO CA12N-5 high volt-
age power supplies which provide power to the large and small plastic detectors. (Middle left)
sensor services board providing an interface between the USB analog voltage output and the
HVPS controls. (Upper right) Single board PC running data acquisition software that reads in
data from FPGA over Ethernet and writes to SSD drives.
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Figure C.6: 4 channel discriminator board, taking in analog detector anode signal (bottom) and
outputting 4 LVDS time-above-threshold signals over ethernet (top) to FPGA debug card.
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C.2 Energy Channel Calibration
The correspondence between a discriminator channel threshold and the equivalent
energy deposited in the scintillator was determined from a calibration using a Cs137 source (see
Appendix B).
In the LaBr3 detector, knowing the pulse-height, V662keV, corresponding to a 662 keV
energy deposition in the scintillator, ε662keV, the channel threshold, Vth, for a given energy, εth,
was found using the calibration
Vth(εth) =
(
V662keV
ε662keV
)
εth (C.1)
In the plastic detectors, we calibrated to the pulse-height of the 662 keV Compton
edge at 477.7 keV.
To set the threshold on a given discriminator board channel, a PMT pulse with am-
plitude Vth(εth) was simulated on a LeCroy 9210 Pulse Generator (figure C.7) and fed into the
boards input channel and the minimum threshold that produced counts at the pulser input rate
was chosen.
After the discriminator board channel thresholds were set, they were tested using lab
sources that emitted particles up to energy εmax that were placed next to the detectors. It was
verified that the count rate was zero for channels with εth > εmax, and nonzero for channels with
εth < εmax. The sources used were Cs137 with εmax = 662 keV and Eu152 with εmax > 1 MeV.
See figure C.8.
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Figure C.7: (Top) LeCroy 9210 Pulse Generator showing settings for simulated PMT pulse used
in ADELE II discriminator board calibration. (Bottom) Oscilloscope trace of Pulse generator
output.
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Figure C.8: Verification of ADELE II discriminator board thresholds using Cs137 and Eu152.
The initial count rates are from background radiation in the labratory. A jump in count rates is
after a Cs137 source is brought next to the instrument. Only channels with thresholds less than
662 keV increase. A further jump in count rates is seen after a Eu152 is brought in, and the
count rate is seen to jump in all channels with thresholds less than ∼ 1 MeV. The Eu152 was
then removed, brought back, and then both sources were removed and the count rates are seen
to return to background. (NOTE: the channel threhsolds for the plastic detectors in this figure
should be scaled by 447.7/662).
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C.3 Pulse Shape Analysis
Although a more detailed investigation and analysis was not performed, from our
discriminator data consisting of the number of counts (transitions from low to high) and dead
time counts (total number of 5 ns intervals above threshold after a transition from low to high)
within a 50 µs interval, the ratio of dead time counts per counts offers some information about
the shape of the pulses recorded within the interval. For a 50 µs interval in which only one count
is recorded, the time above threshold increases depending on how much energy is deposited and
one can conceivably reconstruct the pulse shape accurately and determine the energy precisely.
This ratio can also serve as a check for noise contamination; a 50µs interval containing many
counts with an average pulse width (equal to the ratio of dead time counts per counts) much less
than the expected width of a scintillation pulse is an indication that the signal is noise.
For the Hurricane Patricia TGF observation, the ratio of dead time counts per counts
for the 150 µs TGF observation was compared to the distribution of the ratio of dead time
counts per counts for 10 minutes of background before the observation (see figure C.9- C.12).
The observed ratio during the TGF observation compares reasonably to the background ratio.
For the LaBr3 detector, channel 0, which was known to be susceptible to noise due to a low
voltage threshold, is shown for comparison.
Looking at the distribution of dead time counts to counts in LaBr3 channels 1 through
3 in figure C.12, it is thought that the double peaks correspond to the 2.614 MeV photopeak
of Tl208 and the 1.46 MeV photopeak of K40 (compare to the NaI(Tl) spectrum in figure B.5),
which is consistent with one peak disappearing in the > 2 MeV channel, and both peaks disap-
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pearing in the > 5 MeV channel.
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Figure C.9: 10 minute background interval chosen to calculate the distribution of the ratio of
dead time counts per counts for each detector channel
101
Figure C.10: Distribution of the ratio of dead time counts per counts for the discriminator
channels in the ADELE small plastic detector over a 10 minute background interval. The mean
for the distribution is indicated by the dotted vertical line. The observed ratio of deadtime counts
per counts during the TGF observation is indicated by the solid line.
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Figure C.11: Distribution of the ratio of deadtime counts per counts for the discriminator chan-
nels in the ADELE Large plastic detector over a 10 minute background interval. The mean for
the distribution is indicated by the dotted vertical line. The observed ratio of dead time counts
per counts during the TGF observation is indicated by the solid line.
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Figure C.12: Distribution of the ratio of dead time counts per counts for the discriminator
channels in the ADELE lanthanum III bromide detector over a 10 minute background interval.
The mean for the distribution is indicated by the dotted vertical line. The observed ratio of dead
time counts per counts during the TGF observation is indicated by the solid line.
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Appendix D
Gamma-ray Observations During Overhead
Thunderstorms (GODOT)
D.1 Instrument Overview
The Gamma-ray Observations During Overhead Thunderstorms (GODOT) instru-
ment consists of 3 scintillation detectors, and 2 blank detectors for noise monitoring (see figure
D.1).
The detectors are St. Gobain scintillators encapsulated with and mounted to a pho-
tomultiplier tube (PMT) inside a MuMETAL shielded housing. The 3 scintillators are a 1x1”
small plastic scintillator, a 5x5” large plastic scintillator, and a 5x5” NaI(Tl) crystal.
Each detector is powered by an EMCO CA12N-5 High Voltage Power Supply (HPVS)
that can supply up to 0.8mA at 1250V and requires 5V to operate They receive power from a
custom Acopian Gold Box Linear Regulated AC-DC power supply A17466 designed to operate
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Figure D.1: GODOT instrument schematic. See D.3-D.8 for detailed photos of instrument and
components.
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Figure D.2: GODOT Signal Path. The PMT pulse from a scintillator detector is sent into a
dynamically terminated 50Ω BNC with a ∼900mV bias. The combined signal (pulse + bias) is
inverted with a noise floor at ∼100mV. The signal is sampled by an 80MHz ADC and the pulse
shape is integrated over the integration window (red interval) and assigned a 12 bit ADC value
(ADCi) and recorded with it’s 32bit time of arrival (ti), measured with respect to the eMorpho’s
internal clock. This time-tagged-event is stored in a listmode buffer of size N = 5461 that is
eventually read out by USB to a computer and stored to disk. The hold-off time (blue interval)
is set longer than the integration time, and is a dead time during which a pulse cannot trigger an
acquisition so as to give time for baseline restoration.
in Japan with 100VAC input.
Each detector is connected to a Bridgeport eMorpho Multichannel Analyser (MCA)
that uses a time-tagged event mode to record events consisting of the integrated pulse width
(with 16bit resolution) and arrival time (with 32 bit/12.5ns resolution). Each eMorpho has a
buffer that can store 5461 events, with the exception of the eMorpho connected to the 50Ω
terminated cable, which can only store 341 events. When the event buffer is filled up it is read
out to file. During the readout, the eMorpho is not capable of recording new events.
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The absolute timing of event arrivals is determined as follows: when the computer
controlling the MCAs sends the signal to restart the time-tagged event mode data acquisition,
which must be done after each buffer readout, the computer time is recorded, and this time is
associated with the first event in the eMorpho event buffer. The computer time is conditioned
by Chrony using the Pulse Per Second from a Garmin 15xL OEM GPS module that is fed over
a serial-to-USB UART converter. It is estimated that the absolute timing of the the time-tagged
event mode is accurate to ∼0.5ms.
Two MCAs are devoted to monitoring for noise. One MCA is connected to a small
blank 1x1” detector with it’s PMT under high voltage, and is functionally identical to the small
plastic detector with the exception that it does not contain a scintillator. Another MCA is con-
nected to 1’ long 50 Ω terminated BNC cable.
D.2 Energy Channel Calibrations
The MCA channels were calibrated using energies from naturally occurring radioac-
tive sources present in the background data (see Appendix B).
For the NaI(Tl) detector we calibrated the MCA channels to the photopeaks corre-
sponding to the 1.46 MeV and 2.614 MeV emissions from K40 and Tl208 (B.5 Top).
For the small and large plastic detectors we calibrated the ADC amplitudes according
to the method discussed in Appendix B.3.
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Figure D.3: Topdown view of GODOT with top cover removed. (Left) Electronics tray show-
ing GPS unit (upper left) next to row of five Bridgeport eMoprhos (from left to right eRC1386,
eRC1488, eRC1489, eRC1490, eRC1491), above Lenovo ideacentre q190 running data acqui-
sition software. (Right) Bank of 4 scintillation detectors and 50 Ω terminated cable with top
foam padding block removed. From the top right of the picture going down, shown are the
50 Ω terminated BNC, the small plastic scintillator, and the small blank detector. Underneath,
embedded in the foam block, from the top going down, shown are the PMT housing of the
Large plastic detector and the NaI(Tl) detector. The aluminum enclosure to the very left is the
compartment containing the AC entry module and the AC to DC converter.
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Figure D.4: The small and large plastic detectors inside GODOT/ADELE II.
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Figure D.5: Underside of GODOT electronics tray showing EMCO CA12N-5 high voltage
power supplies and voltage monitors.
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Figure D.6: Power entry enclosure. (Right) AC Power Entry Module installed in mounting
bracket plate. (Left) Acopian dual isolated nonstandard 100VAC to 5VDC converter. (Back)
Lenovo AC to DC power adapter and 5V lines running through ferrite choke before entering
GODOT.
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Figure D.7: Garmin 15xL-W GPS unit inside open enclosure. Power is received on pin 9 of
serial connector through custom USB to RS-232 DB9 serial adapter cable.
Figure D.8: Bridgeport Instruments eMorphos - multichannel analysers that read in analog
output of detector anodes and send time-tagged event data to PC over USB.
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Appendix E
GEANT4 Simulation Specifications
For all GEANT4 simulations, version 4.10.02.p02 was used.
For the two-stage simulation of the ADELE II response to a TGF electron and positron
beam discussed in Chapter 3, the QGSP BERT HP physics list was used.
For the three-stage simulation of the GODOT instrument response to photonuclear
production from a TGF discussed in Chapter 4, the standard physics list for electromagnetic
interactions was enabled using option 4 (enabling higher accuracy electron modeling) and ad-
ditional custom physics lists were enabled for neutron, and gamma-ray interactions.
For neutrons, elastic and inelastic collisions were enabled, as well as neutron capture,
and neutron fission. Thermal neutron scattering was enabled for more accurate interactions
below 4eV. A summary of the models and cross sections used for the neutron interactions is
presented below
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Hadronic Processes Summary for neutron
Process: hadElastic
Model: NeutronHPThermalScattering: 0 meV ---> 4 eV
Model: NeutronHPElastic: 4 eV ---> 20 MeV
Model: hElasticCHIPS: 20 MeV ---> 100 TeV
Cr_sctns: NeutronHPThermalScatteringData: 0 meV ---> 4 eV
Cr_sctns: NeutronHPElasticXS: 0 meV ---> 20 MeV
Cr_sctns: GheishaElastic: 0 meV ---> 100 TeV
Process: neutronInelastic
Model: NeutronHPInelastic: 0 meV ---> 20 MeV
Model: BertiniCascade: 20 MeV ---> 25 GeV
Cr_sctns: NeutronHPInelasticXS: 0 meV ---> 20 MeV
Cr_sctns: GheishaInelastic: 0 meV ---> 100 TeV
Process: nCapture
Model: NeutronHPCapture: 0 meV ---> 20 MeV
Model: nRadCapture: 20 MeV ---> 100 TeV
Cr_sctns: NeutronHPCaptureXS: 0 meV ---> 20 MeV
Cr_sctns: GheishaCaptureXS: 0 meV ---> 100 TeV
Process: nFission
Model: NeutronHPFission: 0 meV ---> 20 MeV
Model: G4LFission: 20 MeV ---> 2.88022e+295 J
Cr_sctns: NeutronHPFissionXS: 0 meV ---> 20 MeV
Cr_sctns: GheishaFissionXS: 0 meV ---> 100 TeV
For gamma-rays, photon nuclear interactions were enabled, and a summary of the the
model and cross sections were used are shown below
Hadronic Processes Summary for gamma
Process: photonNuclear
Model: BertiniCascade: 0 meV ---> 10 GeV
Cr_sctns: PhotoNuclearXS: 0 meV ---> 100 TeV
Cr_sctns: GheishaInelastic: 0 meV ---> 100 TeV
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